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ABSTRACT 


Silicon germanium alloy systems are technologically important due 
to their potential applications in electronic and optoelectronic devices. 
The present study has been undertaken to evaluate the efficacy of the Ion 
Mixing process to synthesize Si-Ge alloys. Three different sample 
configurations are utilized- i) Ge films evaporated on crystalline silicon 
ii) bi layers of Si and Ge on fused quartz and iii) flash evaporated films 
of Si+Ge on crystalline silicon. Ion mixing has been carried out using 1 

T 5 1. 6 2 

MeV Kr ions. The ion fluence is varied frcxn 1x10 to 6x10 atom/cm . The 
mixing has been monitored using the Flutherford Backscattering Technique 
using 1.6 MeV He* ion begun. The films have been characterized using sheet 
resistance, SEM and EDAX measurements. The theoretical estimates of Kr ion 
range and its distribution has been determined using TRIM program and are 
compared with the experimental results. 

Definite evidence of occurence of mixed layers of composition 
Si ^Ge ^ and typical widths of 200-500 A has been observed at the 
interface of Si and Ge. Samples with single Ge layer on crystalline 

silicon substrate show roughly linear dependence on the irradiated dose up 

1, 6 2 

to 1 X 10 atoms/cm . The growth rate at higher fluences is seen to be 
considerably retarded. Further, it is inferred that shallow impurities play 
no role in the ion mixing mechanism. Simulation analysis of the RBS spectra 
indicates that there is no lateral homogeniety in the films prepared by 
flash evaporation. The lateral homogenity seems to improve after 
irradiation. In the case of the Si and Ge bilayers on SiO^ substrates the 
simulation gives an oxide layer at the interface of Si and 4e films which 
IS responsible for the hinderence of the mixing process. The theoretically 
calculated (TRIM) ranges of the Kr ions agree well with experimentally 
determined values. The experimental values of the straggling in the Kr 



distribution is almost double of the calculated ones. A low temperature 
heat treatment ( 550°C for 15 min in flowing dry nitrogen) is enough to 
improve the conductivity by two orders of magnitude indicating removal of 
most of the ion induced damages. For Ge films on crystalline silicon the 

resistivity of the film shows abrupt decrease at fluences higher than 

*16 2 

1x10 atoras/cm even before thermal annealing. This effect indicates that 
ion irradiation plays a role in activating the shallow dopants in this 


disordered material . 
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CHAPTER-1 


INTRODUCTION 


1.1 GENERAL 


The surface modification of solid can be achieved by various 
methods. Energetic ion beams directed under vacuum have beccane the most 
sophisticated and versatile of all methods used for surface modification of 
materials. Applied originally to semiconductors with considerable success 
such processes have now been adapted for metals, ceramics, polymers indeed 
the whole range of solid materials. In semiconductor industry it has been 
used to introduce electrically active impurities into device in controlled 
ways; its use continuous to expand. 

The main feature of ion impleuitation is to introduce the foreign 
atoms in to a material in order to change the comjxtsition of the surface 

ft 

region. Ion beam irradiation can cause large change in the composition and 
structure of the near surface region of materials. These changes can result 
a variety of effects : 

1) A new atomic species is added to the material (Ion implantation) tl]. 

« 

2) Atoms are knocked from their original positions in collision cascades 
(Sputtering and Atcmic mixing) [21. 

3) Defects generated by irradiation can increase the thermal diffusion 
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coefficient ( Radiation enhanced diffusion ) [3]. 

Thus the ion implantation leads to the radiation damage i.e. 
production of structural defects in a material. In semiconductor industry, 
in general , radiation damage is not a desirable phenomena but the present 
annealing techniques can 'repair’ this damage to a large extent. However in 
certain cases the ion induced damage is used to advantage in controlling 
carrier life time in selctive regions of the devices. 

Ion beams are used to modify surfaces mainly in the following 

ways : 

1) Direct implantation of desired species. 

2) Ion Beam Mixing. The process involves use of energetic ions of heavy 
inert gases (Ar, Kr etc.) to induce intermixing in the pre-deposited thin 
films to be alloyed with a substrate. 


1.2 lONIMPLANTATIONANDIONBEAMMIXING(IBM) 

Though the ion implantation has so many advantages like 
controllable addition of impurities, small lateral spread of implEunted 
ions; but it has also some disadvantages. One of the main limitations of 
ion implantation is the problran of sputtering or ion induced erosion of the 
bombarded surface. This places an upper limit to the maximum concentration 
of impurities in the host, attainable by implantation and is roughly given 
by the ratio r/s [4]. Here r is called the preferential sputtering factor 
which approximates itself to values between 0.5 and 2.0 and s is the 
sputtering yield which is defined as the total number of target atcrnis 
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sputtered per incident projectile ion. The value of the sputteirng yield s 
could be as high as 20. For example, in the case of 150 keV Au implantation 
into Fe, the value for r is unity and s equals to 4. 4. This yields a maximum 
Au concentration in Fe of about 25 % . However for similar Au implantation 
into Cu, the maximum achievable concentration is only 5 % . This is due to 
the high s value of 20 in the case of Cu [4] . 

The above mentioned limitation, caused by the phenomena of 
sputtering, can be circumvented by depositing a thin film of impurity A on 
the host substrate B and bombarding this bi layer configuration with 
energetic heavy ions [4], specially inert gas ions. The ions pass through 
the layers and due to the collision induced effects the atoms of the layer 
A tend to mix with those of layer B at the interface. The width of the 
mixed region increases with increase in the irradiation dose until a 
complete mixing of atoms of layer A and B occurs. This variation of ion 
implantation is commonly known as "Ion Induced Mixing", "Ion Beam Mixing" 
or simply "Ion Mixing". In most cases ion beam mixing has been observed to 
have no upper bound to the concentration of A in B [5] 

The effectiveness of ion beam mixing versus direct ion 
implantation must presently be addressed on a case to case basis, but some 
studies have shown that higher alloy concentration can be achieved with 
high dose ion implantation. The composition of the implanted ion species as 
a function of depth can be adjusted by varying ion energy and dose. In 
contrast to ion implantation, for which maximum implanted concentration are 
typically limited to several atomic percent by sputtering of atoms from the 
surface. Ion Beam Mixing of pre deposited surface films can be used to 
create a wide range of carefully controllable compositions using beams of 
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easily generated ions. Finally Ion Beam Mixing process can be used to mix 
multilayer specimens in order to produce surface alloys of high solute 
concentration, where the implantation process is impractical. Ion Beam 
Mixing has therefore greatly expanded the potential applications of ion 
beam surface modification. Perhaps no other process is as efficient as the 
Ion Beam Mixing for introducing large non-equl ibrium concentration of 
alloying elements into a wide variety of hosts [21. 

1 . 3 CLASSES OF MATERIALS STUDIED UNDER ION BEAM MIXING 


There are many applications of the Ion Beam Mixing technique 
have . These include silicide formation, synthesis of metastable and 
aimorphous alloys, and enhancement in the thin film films with 
substrates! 10] . Silicides are of considerable technological importance, 
especially in microelectronics where they are used as interconnects in 
integrated circuits. Silicides were the first systems to be studied 
exhaustively under ion beam mixing [6,7,8,91. Platinum silicides studied 
were the first to be reported, in detail, as early as 1979 [81. The next 
important class of systems studied under ion induced mixing were the 
metal-metal, metal-semiconductors, ceramic-metal systems and systems 
involving insulators like polymers [10]. Another recent study by Hoamuth 
et. al.[llj involved fabrication of a Y-Ba-Cu oxide film by ion induced 


mixing of multilayer of Y, Ba, Cu. 
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1 . 4 SILICON GERMANIUM ALLOY SYSTEM 

The binary phase diagram of Silicon and Germanium system [20] 
shows that the two elements are mutually miscible across the entire 
compositional range in conformity with the Hume-Rothery rules [21]. The 
relevant properties of Silicon and germanium are listed in Table 1.1. 

TABLE 1.1 


^ — ...^Ipment 

Silicon 

Germanium 

Proper 1 1 



Atomic Number 

14 

32 

Atomic weight 

28.06 

17.6 

Atomic radius 

1.32 1 

1.37 1 

Melting point 

1410°C 

940° C 

Valancy 

4 

4 

Crystal structure 

Diamond structure 

Diamond structure 

Density 

2.33 g/Cm^ 

5.32 g/Cm^ 

El ectronegat ivi ty 

1.8 

1.8 

Energy gap 
(At 300 K) 

1.12 eV 

0.65eV 


The Si-Ge system is found to be interesting and has received 
considerable attention recently as a material for high speed electronic and 
optoelectronic devices. Any semiconductor technology based on Si-Ge alloy 
would be compatible with the existing Si technology. The band gap of Si-Ge 
alloys falls within the 1.3 pm-1.5 #im wavelength range, thereby making them 
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attractive for fiber optical ccmmunication applications. Many theoretical 
studies on the electrical and optical properties of Si-Ge heterostructure 
have been reported recently [12,13,14]. It has been demonstrated that 
Si^_^Ge^ alloys can be used for integrated wave guides [15] and high speed 
1.3 fim detector [16]. Various schemes for efficient light emission from 
strained Si^_^Ge^ structures have also been proposed. There have been 
several reports on light emission from zone folded short period super 
lattices (SLs) which may result in a direct band gap [18]. 

The Si-Ge alloys can be prepared by various methods such as 
thermal diffusion, Ion implantation or Ion beam mixing. As described above 
the ion beam mixing has distinct advantages of its own. In summary it is a 
process in which alloys can be synthesized at considerably lower 
temperatures. The alloy depth can be controlled by varying the thickness of 
the films to be alloyed and the energy of the incident beam. The process 
can be used to to produce the alloy selectively on a predetermined region 
of a sample which is not possible by other equilibrium methods. 

The ion beam mixing work on Si-Ge system has started only 
recently. Zhu et al 118] and Li et al 119] have reported the ion beam 
mixing of thin Ge marker films embedded in amorphous and crystalline 
silicon matrix and of multilayered structures of Si-Ge films on S 1 O 2 . They 
utilized 180 keV Xe^ 10 ns at a constant dose of 5x10^^ atoras/cm^ to induce 
the mixing. Their main emphasis was to understnd the ion mixing as function 
of sample temperature during irradiation and to uder stand the mechanism of 
the ion mixing process. 

To the best of our knowledge a systematic study of the dose 
dependence of mixing in Si-Ge system has not yet been reported. Also there 
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The present work has been undertaken to investigate the dose 
dependence of MeV Kr ion beam mixing induced in the Si-Ge system having 
different conf igrations namely i) single layer of Ge on crystalline 
silicon, li) bilayers of Si anf Ge on S 1 O 2 , and lii) Si+Ge film deposited 
by flash evaporation on silicon. The as deposited and irradiated films are 
studied using the Rutherford Backscattering Spectroscopy (BBS), Scanning 
Electron Microscopy (SEM), and four probe resistivity measurements to 
investigate the composition of mixed layers, surface microstructure and 
electrical properties respectively. 

The experimental details of sample preparation, ion mixing, and 
the various characterization techniques mentioned above are described in 
Chapter II. 

The results of backscattering experiments, SEM, EDAX and 
resistivity measurements on the as deposited, irradiated and thermally 
treated films are presented and discussed in Chapter 3. In this chapter the 
results of theoretical calculations of ion range and damage distribution 
(TRIM calculations) are also presented and compared with the experimental 
results. 

Chapter 4 gives a summary and lists the salient conclusions of 

the work. 

In order to make the thesis self contained the details of the ion 
beam mixing and RBS facility are described in two appendices at the end. 



CHAPTER-2 


EXPERIMENTAL 


2.1. GENERAL 


This chapter describes the experimental procedures and 
experimental arrangements. Brief outline and essential details of the 
various procedures about wafer polishing, wafer cleaning, Kr ion beam 
generation and implantation, Rutherford BackScattering (RBS) experiments, 
annealing etc. are given in this chapter. 

2.1.1 Substra te prepara t ion 

Polished Si wafers and fused quartz were used as substrate for 
thin film deposition. The silicon substrates used were of the following 
types : 

1) (111) n-type (phosphorus doped) of resistivity 20-50 ohra-cra and 
thickness 300-350 micron. 

2) (111) n-type ( phosphorus doped ) of resistivity (1000 ohm-cm) and 
thickness 1000 micron. 

The wafers were cut into samples of suitable sizes (2cm x 1cm). 
First the substrates were mechanical ly polished on one side under pressure 
using the alumina and glycerin mixture. During this lapping there is 
approximately 20 micron was taken off to produce a flat surface. And after 
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lapping the edges of the wafer were rounded to avoid the chipping off of 
the edges during handling. TTie wafers were then polished by the diamond 
powder to obtain a shining mirror finish. 

2.1.2 Annea 1 ing Process 

The lapping and polishing process which use diamond powder 
introduces defects in the wafer. Thermal annealing is required to recover 
this damage. Annealing is the thermal treatment of a damaged solid which 
eventually results in the recovery of crystal structure and physical 
properties. All the Si substrates were annealed at 800°c for six hours. The 
annealing apparatus in this laboratory consists of a furnace which is 
electrically connected to a temperature controller, used to control or set 
the desired temperature. The temperature is controlled within ± 2°c. The 
sample to be annealed was placed in a quartz tube and put inside the 

—5 

furnace. Clean and high vacuum (<10 torr.) was obtained in the quartz 
tube. The temperature of the sample was separately monitored by 
chrome 1 -a lumel thermocouple (fig 2.1), kept directly in contact with the 
sample. The samples were furnace cooled. Irradiated samples were annealed 
in nitrogen atmosphere. 

2.1.3 Vafer cleaning 

Surface cleaning of the wafer to remove the native oxide is the 
most important step in wafer treatment. Numerous methods of cleaning are 
popular in the semiconductor industry, but all have a certain cc*amon 



10 


characteristics. The first step in dealing with wafers is to thoroughly 
de-grease them using organic solvents such as trichloroethylene (t.c.e) 
followed by a thorough rinse in acetone. This cleaning procedure guarantees 
that any grease on wafers that might be insoluble in subsequent deeming 
steps are removed. After de-greasing, etching of the residual impurities 
and oxide layer is to be done. Various formulations of etching solutions 
are available having different etching rates. The sequence of deeming 
procedure followed by thin film deposition are; 

1) De-greasing of wafers in trichlohoethylene (t.c.e.). 

2) Rinsing in acetone. 

3) After drying in dean air, the substrates were briefly dipped in the 
etching solution of composition 2 ml HF + 15 ml HNO^ + 5 ml CH^CXXIH for 
half a minute using. The samples have to be handled using teflon tweezers 
during this process. This is called planer etch [22] with etch rate 5 
jLim/min. Immediately after etching the wafers were quickly immersed in 
distilled water to remove the residues of etching solution or to prevent 
further etching. This process was repeated several times till the surface 
oxide layer was removed. 

2.1.4. Thin Film Deposi tion 

Thin film deposition was carried out by two different processes 

—5 

in a vacuum less them 10 Torr. 
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A) Thermal evaporation 

Fig 2.2 shows thin film deposition unit (thermal evaporation). (Je 
film of thickness 1550 X. , 1100 were deposited on the substrate 1 and 2 
respectively. In the quartz sample first Si film of thickness 1100 %. and 
then Ge film of thickness 1400 %. was deposited. Here the mass of Ge (M) 
required to obtain a film of desired thickness t was calculated on the 
basis of the following relation. 

M = 2nR^.p.t (2.1) 

where p is the bulk density of the material to be evaporated and 
R IS the distance between the substrate and the evaporation boat. This 
mass of Ge was taken on Tungsten boat and evaporated on the above 
substrates. The evaporation was carried out under 211 geometry i.e., under 
the assumption that the vapors diffuse only in a solid angle of 20, the 
thickness of the film can be measured directly by the method of frequency 
change of quartz crystal oscillators. The frequency of a quartz crystal is 
dependent upon the vibrating mass. The quartz crystal is placed on the 
substrate holder so that the film material deposited upon it at the same 
rate as upon the substrate, and the frequency change of the crystal gives 
the average thickness of the film. The thickness of the films were later 
measured by RBS technique as well. But it was found that the thickness 
obtained by the above equation varies by 30% . This is due to the 
non-adherence to the perfect 211 geometry assumed in the above equation. 
These Ge films on the Si or SiO^ substrates or in short, Si/Ge or 
SiO^/Si/Ge samples were used for Ion Beam Mixing experiments. 



B) Flash evaporation 


Unlike ordinary evaporation in the flash evaporation, the 
substance to be evaporated is not placed on the boat, and electrically 
heated, but it is dropped on a pre heated boat. This is advantageous in the 
case of sample having more than one component with different evaporation 
temperatures, e.g. mixture of Si and Ge. In the ordinary thermal 
evaporation process due to the comparatively slow heating, the component 
with lower melting point(Ge) gets evaporated earlier than the component 
having higher melting point(Si). Therefore the composition of the 
evaporating material is not realized in the film. On the other hand in 
flash evaporation, since the material is dropped in the form of a powder 
on a oreheated boat composite material as a whole gets evaporated, and the 
composition of the evaporating material might be realized in the film. 
Therefore we incorporated flash evaporation in our existing thermal 
evaporation unit. A sample holder with a movable arm was designed. It was 
mounted on a stand (fig. 2. 3) which could be manipulated externally without 
disturbing the vacuum. The height of the holder could be adjusted so that 
the material is at a proper height from the boat. (Typical height employed 
in the experiment being 14-15 cm). When the boat gets heated to a suitable 
temperature, the material was dropped on the heated boat by vibrating the 
stand externally. The material then gets evaporated in a flash gets 
deposited on the substrates. 



2 . 2 SURFACE MODIFICATIONS BY KRYPTON ION BOMBARDMENT 


The Si/Ge samples were bombarded with 1 MeV Kr"*^ heavy ions at the 
Central Nuclear Facility, Department of Physics I.I.T. Kanpur. The 
bombardment fluences (doses) ranged from 1 x 10^^ to 5 x 10^^ Kr* lons/cm^ . 
The Central Nuclear facility houses the 2 MeV Van-de-Graaff Accelerator 
which provided the necessary ion beams for this work. Detail of this 
facility IS given in Appendix A. 

2.2.1. The Heavy Ion irradiation chamberi- 

lon bombardments on Si/Ge samples were carried out in the heavy 
ion irradiation chamber shown in fig. ( 313 ) The chamber is mounted on the 
usual oil diffusion vacuum syst«n. Such a vacuum system is not good for its 
residual hydrocarbon impurities. Figure (3.2c) (3.t)b) shows the pronounced 
carbon peak in the spectrum which is the indication of the hydrocarbon 
impurities. Figure 2.4 shows an enhancement of the carbon peak under 
increased fluence of Kr* irradiation. It therefore became necessary to 
develop clean vacuum conditions under which Ion Beam Mixing experiments 
could be carried out. 

In the center of the chamber there is a movable sample holder on 
which a number of samples can be mounted and by moving the holder 
vertically by a predetermined amount the required sample can be introduced 
in the path of the Kr* ion beam. The holder is electrically isolated from 
the rest of the chamber by a perspex flange. A current integrator is 
connected to the sample holder. It measures the total charge acquired 
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during the irradiation. From the collected charge the dose ( number of ions 
incident per square cm.) is calculated. 

Surrounding the sample holder there is a cylinder made of 
aluminium sheet which has an opening for the passage of the heavy ion beam. 
Tills cylinder is maintained at a potential of nearly -260 volt relative to 
the grounded chamber. This arrangement is called a suppressor which 
inhibits the emission of secondary electrons from the sample during Kr^ ion 
implantation. In the absence of such a suppressor the secondary electron 
emission can interfere in the measurement of total charge during the 
heavy ion irradiation. 

The beam which enters the chamber is collimated by the 
stabilizing slits (fig. 2. 4). By the time it reaches the chamber it spreads 
slightly and is further collimated by an aperture, mounted just before the 
sample holder, of dimensions 3 mm (vertical) x 3 mm (horizontal), llius an 
area of this dimension on the sample gets irradiated by the Kr* ion beam. 
Another important point needs to be added as regards the sample temperature 
rise during heavy ion bombardment. If the temperature rise is too high then 

the mixing due to thermal effects may become large enough. However at the 

2 

ion current densities employed in this work viz 0.1 to 0.2 pA/cm the 
expected sample temperature is about 20° to 30° K [6 ]. 

2.2.2. Ion Beam Analysis (Rutherford Backseat taring) 

Figure 2.5 gives the details of the BBS chamber. This chamber is 
mounted on a diffusion pump vacuum system with a liquid nitrogen trap which 
yields a vacuum of the order of l.Oxlo”^ Torr. This vacuum is quite 
adequate for the BBS work. 
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The samples are mounted on a sample holder (electrically isolated 
from the grounded chamber) which is similar to the one employed in the 
heaN'y ion irradiation chamber. A suppressor arrangement like the one used 
during the heavy ion irradiations is mounted in the chamber. The same 
current and charge measuring electronics used in the case of hea-vj”^ ions is 
connected on the RBS chamber during ion beam analysis. On the side facing 
the beam, a quartz plate is fixed. The quartz plate gives out a blue glow 

4 + 

when the He beam falls on it. The purpose of this arrangement is to aid 
the alignment of the He^ beam. 

4 4 - 

The He beam is collimated before entering the RBS chamber by a 
X-Y slit arrangement to obtain a beam spot of about 1 mm x 1 imn dimensions 
or less. The detector is mounted at a scattering angle of 150° and subtends 
a solid angle of about 2.9 millisteradians at the center of the beam spot. 
The silicon surface barrier detector is mounted on a cylinder through which 
chilled water is circulated , The chilling of the detector helps in 
reducing the leakage currents in the surface barrier detector from 200 nA 
to 50 nA. 

The electrical signals from the surface barrier detector were 
analyzed by the usual nuclear electronics and multi channel analyzer. The 
height of the signal gives the energy of the detected particles. A plot of 
the energy of the particles vs. the frequency of occurrence of the signals 
IS called as spectrum which contains information regarding the elements and 
their depth distribution in the sample. In these measurements an BG&G ORTEC 
142A preamplifier and PC based multi channel analyzer (MCA) were used. 
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2.4 RESISTIVITY MEASUREMENT 


The "sheet resistance" of a semiconductor is an important 
aof t-measured parameter. The most commonly used technique in the 
semiconductor industry for measuring resistivity is the 'four-point probe 
method’ [23]. This method is nondestructive, speedy and does not involve 
any elaborate preparation. Its use is directly applicable to ion implanted 
layers. The two point and three point probes used for measuring sheet 
resistance are not as suitable as the four point probe for implanted 
layers. The four point probe comprises four equally spaced metal probes 
which are pressed on to the semiconductor surface. The probes are usually 
set 'in line’ (four col linear arrangement) but they can be at the corner of 
a square, the later arrangement allowing a smaller geometry. Since our 
irradiated portion in the sample is only a square of 3 nm.X 3 mm. , so we 
purposely made the second type of arrangement where the probes are at the 
corner of a square of less than 3 mm. X 3 mm, (fig 2.5). 

If the ratio of the layer thickness (X) to the probe spacing (S) 
IS less than 0.4 than the average resistivity of an infinite thin sample in 
which the current flow is parallel to the surface is : 


n 


Log^ 2 


_V_ 

I 


X = 4.532 


_V_ 

I 


X 


for ' in 1 me ’ probes 


P = 


TC _V 

2Log^ 2 I 


X = 2.266 


V 

I 


X 


for 'square’ probes 
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The above formula [24] can be used for calculating the 
resistivity of wafers and diffused and implanted layers as they meet the 
requirement X/S < 0.4. In the first case current (I) flowing between the 
outer probes and the voltage (V) measured across the inner probes, and in 
the second case the current flowing between adjacent probes and the voltage 
is measured across the other two probes. 

The term in the bracket is called 'Sheet resistivity or sheet 
resistance (p ) ’ . The concept of sheet resistance is very importeuit in the 

S 

study and application of thin conducting layers. It is not affected by the 
geometrical shape of the layer. 


2.5 SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS 


SEM IS used to examine the surface and the near surface region of 
bulk materials (Surface topography). This is generally carried out by 
scanning a fine electron probe over the particular area of interest of the 
specimen. In this study the JEOL 840 Scanning Electron Microscope with EDAX 
facility (model KBGH) was used. 



CHAPTER-3 


RESULTS a DISCUSSIONS 


3.1 GENERAL 


The results of the backscattenng experiments, SEM and EDAX 
measurements and the resistivity measurements will be presented and 
discussed in this chapter. The results of the TRIM calculations performed 
for the 1 MeV Kr^ beam impinging on the different configurations of the 
Si-Ge system will also be presented. As mentioned in the previous chapter, 
three different configurations listed below have been used in the present 
study of Ion Mixing of the Si-Ge system. 

Configuration I : Single Ge layer on crystalline silicon substrate. 

1. High resistivity (111) Si (substrate)/Ge (1100 X) 

2. Low resistivity (111) Si ( substrate )/Ge (1550 i) 

Configuration II: Bi layer of Si and Ge on S 1 O 2 (fused quartz) substrate 

3. ^^^2 ^substrate)/Si(1100 X)/Ge (1400 S.) 

Configuration III : Flash evaporated Si+Ge on Silicon substrate. 

4. Low resistivity (111) Si (substrate)/ (Si+Ge) 1400 i 



3.2 RBS MEASURMENTS 


The results of the RBS measurements performed on the above 
mentioned configurations of the Si-Ge system in the as evaporated 
condition, after ion beam mixing and thermal treatments are presented in 
the following subsections. 

3.2.1 RBS MEASURMENTS : CONFIGURATION I 

RBS results of Ge film on l ow resistivity silicon substrate 

The experimental RBS spectrum of the as-evaporated Ge film on 
silicon substrate is shown in fig. 3.1 (circles). The experimental details 
are already discussed in Chapter 2. The surface positions of Ge, Si and 0 
are shown by arrows. The continuous curve indicates the simulated RBS 
spectrum obtained using the layer structure mentioned in the figure. The 
simulated spectrum shows a good visual fit to the experimental spectrum 
suggesting that layer structure used in simulation represents the actual 
sample structure. From the simulation analysis the following information is 
obtained : 

i. ) thickness of Ge film is 1550 1 

ii. ) presence of a thin (150 X.) SiO^ layer at the interface 

of the Si substrate emd the Ge film. 

iii. ) there is no interaction between Si substrate and Ge during 


the evaporation process. 



20 


The RBS spectra showing the the effect of the 1 MeV Kr* ion 
irradiation on the above sample are given in fig. 3.2a-c for different 

irradiated doses. For low dose irradiations namely IxlO^^and 5 x 10^^ Kr* 

2 

ions /cm the expanded view of the Ge signalsis shown in fig. 3,2a-b. The 

mixing effect is indicated by the appearance of the Ge signals at lower 

energies for the irradiated sample as compared with the ones for the as 

evaporated sample. The effect of the irradiation is clearly seen for the 

15 + 2 

ion fluence of 5 x 10 Kr lons/cm . Fig. 3.2(b) shows the effect of ion 

16 16 + 2 

mixing for fluences of 1 x 10 and 5 x 10 Kr ions /cm . The canplete 

spectra including the signals for the Silicon substrate for these fluences 

are shown in fig. 3.2c. The comparison of the spectra in this figure shows 

that the Si signals also appear at higher energies indicating the migration 

of silicon in the top Ge film. Moreover the sharp Oxygen signal in the as 

evaporated spectrum is flattened after ion mixing indicating its 

redistribution across the mixed Si-Ge region. For the highest Kr fluence a 

carbon peak is also seen indicating the presence of carbon due to the 

cracking of hydrocarbons on the surface during ion irradiation. The 

1 6 

presence of the implanted Kr is seen only for the higher doses of 1 x 10 
16 + 2 

and 5 X 10 Kr /cm in the form of a broad peak distributed around the 
peak position shown by the arrow in the fig. 3.2c. The analysis of the Kr 
profile performed using the RUMP code gives the peak position at 6300 X. 
from the sample surface. The full width at half maximum (FWHM) of the Kr 
peak cannot be calculated accurately due to the fact that the Kr signal 
merges in the silicon signal. Nevertheless, we have estimated half width at 
half maximum (HWHM) from the visible portion of the kr signals (between 
channel Nos. 200 to 275). The HWHM turns out to be approximately equal to 
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4250 This gives F¥HM of the Kr distribution as 8500 Assuming a 
Gaussian distribution of Kr atoms in the matrix the straggling of the peak 
distribution is estimated to be 3609 A. These figures will later be 
compared with the theoretical calculations ( TRIM calculations). The total 
number per sq. cm. of the Kr atoms retained in the sample is calculated 
from the area under the Kr signals. The retained Kr amount thus 
calculated from the RBS spectrum is within 30% of the implanted Kr dose 
expected from the current integration done during the irradiation. 

The thickness of the mixed Si-Ge region across the interface has 
been calculated for different irradiation doses by simulating the 
experimental RBS spectra of ion mixed regions using suitable layer 
structure for simulations. The result of the simulation analysis is given 
in figures 3.3 and 3.4. The simulated curves in these figures match 
satisfactorily with the experimental spectra. The layer structure used for 
each case is shown in each figure. The mixed layer exhibits a composition 
of Sijj g Ge^ g with sc«ne amount of oxygen in it. Note also that apart from 
the distinct layer having the above mentioned composition across the 
interface, the simulation also indicates a gradual increase in the Si 
concentration in the entire Ge film. The thickness of the mixed Si-Ge layer 
across the interface as a function of dose is given in Table 3.1. The 
concentration of the Si in the top Ge layer obtained as a function of 
irradiated fluence is given in Table 3.2. 


^ 1 - 

M T , KASiP-jP 


4m. No, A. 
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TABLE - 3.1 


Dose 

(KrVcm^) 

Thickness of the mixed layer 

Si Ge 

0.5 0.5 

Low Re s 1 s t ive 
Subs t rate 

High Resistive 
Subs trate 

1 X 10^® 

200 1 

250 1 

5 X 10^® 

350 1 

350 1 

1 X 10^® 

420 1 

400 1 

5 X 10^® 

500 1 

400' %. 


TABLE - 3.2 


Dose 

(Kt lons/cm^) 

Cone, of Si in the top Ge layer 

Low Res 1 stive 
Substrate 

High Res i stive 
Subst rate 

1 X 10^® 

— 

— 

5 X lo'® 

0.03 

0 . 04 

1 X 10^® 

0. 04 

0 . 07 

5 X 10^® 

0.04 

0.11 


RBS results of Ge film on High resistivity Si 1 icon substrate 

The RBS spectrum along with simulated curve for the Ge film in 
the as evaporated condition is shown in fig. 3.5 and fig. 3.6 show specta 
after irradiation with 1 MeV Kr* for different fluences. The simulation 
analysis is presented in figures 3.7 and 3.8 In this case the thickness of 






the as evaporated Ge film is 1100 The thickhess of the mixed region of 
Si and Ge having a composition Si„ ^ Ge„ ^ for the different irradiation 
fluences are given in these figures. The results of the analysis are given 
in Table 3.1 and Table 3.2. 

3.2.2 RBS MEASUEEMENTS : CXSIFIGURATION II 

RBS Results of the Si-Ge Bi layers on SiO^ substrate 

The experimental RBS spectra along with the simulated curves are 
presented in figures 3.9, 3.10 and 3.11. Simulation for the spectrum of 
the as evaporated sample gives the following information : 

1. Thickness of Ge layer: 1400 %. 

2. Thickness of Si layer: 1100 X. 

3. 700 %. of oxide layer at the Si/Ge interface. 


There is no appreciable mixing at lower doses of 1x10^^ and 
5x10^^ Kr* ions/ cm^ (fig. 3.10). However, mixing is clearly seen for 

1. 6 16 4 ' 2 

the ion fluences of 1x10 and 5x10 Kr ions/cm (fig. 3.11). It is also 
seen that the oxygen peak is flattened at the highest dose. A small peak 
is also observed at the surface energy position of carbon. 

3.2.3 RBS MEASUREMENTS : CONFIGURATION III 

RBS Results of the Flash evaporated Si-Kle layer on Si substrate 

The RBS spectrum of the flash evaporated film of Si-Ge on low 
resistivity Si substrate is shown in figures 3.12 and 3.13. The flash 
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evaporation was performed to achieve a film having a hanogeneous 
composition of Si^ 5*^0 5 ’ backseat ter ing spectrum it appears 

that the Si and Ge in the film do not posses a uniform composition. From 

the area under the peaks of Ge and Si the number of Ge and Si atoms turn 

out to be 3.2x10^^ at./cm^ and 1.8x10^^ at./cm^ respectively. This gives 
an average composition of Ge„ ^,Si„ for the as deposited film. The 

simulated curve obtained using this composition suggests that the film 
thicknes is 1400 The simulated curve is shown by the continuous line in 

fig. 3.13a. for comparison purpose. It was not possible to obtain a layer 

structure which could yield a satisfactory fit to the experimental 
backseat ter ing spectrum after simulation. Ve therefore feel that the film 
components are not homogeneously mixed and especially there is a lateral 
inhomogeneity in the film composition. However we do not have a direct 
experimental evidence in support of the above argument. 

The effect of Kr irradiation after the fluences of 2, 4, and 

16 i2 

6x10 atoms/cm is shown by the RBS spectra in fig. 3.12 and 3.13b. A 
gradual flattening of the Si signal is seen to occur which indicates that 
the composition is beceming more and more homogeneous. The signals frem the 
implanted Kr are also seen to appear between channel numbers 200 and 250 
fig 3.12. This IS a part of the total Kr distribution which is Gaussian in 
nature with a peak at channel number 225 and whose signals at energies 
below 1 MeV and above 1.18 MeV are mixed up with the RBS signals coming 
from Si and Ge respectively. 

The RBS spectrum obtained after irradiation of the highest Kr 
1. 6 2 

dose ( 6 X 10 atoms/an ) for this sample is shown in fig. 3.13b. For 
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comparison a 

simulated 

spectrum obtained 

using 

the 

layer 

structure 

indicated in 

the f igure 

IS also shown. 

Apart 

from 

the 

effect 

of 

homogenization 

in the film 

composition, it is 

also evident 

that 

the Ge 

has 


mixed with the substrate Si which is exhibited by a low energy tail in the 
Ge signals extending down to the channel number 250. 


3.3. SEM AND EDAX MEASURMENTS 


The samples of type III configurations ( flash evapxirated Si+Ge 
on low resistivity silicon) have been studied by scanning electron 
microscopic technique to investigate the effect of irradiation on the 
surface topography. 

The SEM pictures of the flash evaporated film in the as deposited 

+ 1 6 2 1. 6 2 

condition and after Kr irradiation at 4x10 lons/cm and 6x10 ions/cm 

are shown in fig. 3. 14. The surface of the film just after deposition is 

plain and does not exhibit any significant features. The EDAX analysis C 

see Table 3.3) gives the composition of the the film as Si „„Ge __ Note 

, 7 D *22 

that this composition is quite different from that obtained from the RBS 

analysis. This is due to the fact that the EDAX measurements probe to much 

larger depths and give the average concentration. Since the substrate is 

silicon it shows silicon enriched compositions in the EDAX measurements. 

After Kr* irr£uliation, these films develop interesting features as shown in 

fig.3.14b-c. It exhibits dark holes majority of which are of 0.1 pm 

16 2 

diameter after irradiation with a dose of 4x10 ions /cm . A few dark holes 

with larger diameter of about 1 pm are also observed. The irradiation at a 

16 

higher fluence of 6 x 10 changes the feature of the surface making the 
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dark and bright portions elongated as shown in the SEM picture of 
fig. 3. 14c. Also the density of the larger dark holes has been considerably 
reduced at this higher fluence. The results of the EDAX analysis are 
presented in Table 3.3. The bright portions are richer in germanium than 
the dark spots. The raicrostructural changes after irradiation seems to be 
due to the segregation of two different phases which are homogeneously 
mixed. 


TABLE-3.3 


Position 

Atomic Ccanposition of 

Si 

Si and Ge 

Ge 

Si/Si+Ge (As evaporated) 

78 

22 

Si/Si+CJe (Dose: 4x10^^ Kr*/cm^) 

(In Black region) 

85 

15 

(In White region) 

75 

25 

1 ? 

Si/Si+Ge (Dose: 6x10 Kr /cm ) 

(In Black region) 

84 

16 

(In White region) 

72 

28 
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3 . 4 RESISTIVITY MEASURMENTS 

It IS well known that ion irradiation causes various types of 
defects which change the resistivity of the implanted material. Normally a 
post implantation heat treatment is necessary to anneal out such defects. 
In order to study the annealing characteristics of the irradiated layers 
samples of configuration II ( Si and Ge bi layers on amorphous SiO^ 
substrate) are most suitable. This is because the substrate is insulating 
and therefore it does not interfer in the sheet resistivity measurements. 
The as deposited films shows resistivity of the order of 38 Ohm-cm. After 
irradiation the resistivity drops to a connsiderably lower value of 
Ohm-cm. The variation of the resistivity with the ion fluence is not very 
significant. Further on annealing at 550^0 for 15 min. there is a marked 
lowering ( about two orders of magnitude) of resistivity for all the 
irradiation fluences. However, the annealed samples do show a systematic 
increase in the resistivity with increasing dose. The significant decrease 
in the resistivity after annealing is an indication that most of the damage 
has been recovered. Nevertheless the dose dependence of resistivity of 
annealed samples shows that the sample irradiated at higher fluences are 
not completely recovered. It is noteworthy that the damage recovery has 
occured using significantly lower temperature and relatively short time. 

One of the consistent features of sheet resistivity measurments 
is that the as-deposited layers have higher resistivities than 
ion- irradiated ones. This clearly indicates that the as-evaporated layers 
are initially more disordered and ion implantation helps in relaxing the 
amorphous layer. In the relaxed structure, there is a higher possibility of 
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electrical activation of shallower impurities giving rise to lowering the 

resistivity. This is best demonstrated in sheet resistivity measurments on 

cofiguration I i.e, Ge layer evaporated on high resistive Si substrates 

shown in fig. (3.17). Even before annealing , the resistivity decreases 

1. 6 2 

dramatically at fluence higher than 1x10 atoras/cra clearly indicating the 
irole of ion irradiation in activating shallow impurites in this disorded 
material. Similar recovery occurs for samples irradiated with lower 
fluences only after heat treatment. 


3 . 5 TRIM CALCULATIONS AND DOSE DEPENDENCE OF MIXING 


The TRIM ( TRansport of J[on in Matter) program {25,26] (version 
1992) was used to estimate the range of Kr* ions, straggling in the ion 
range, number of displacement of target atoms and theenergy spent in the 
displacement of the target atom etc. 

The program teikes as input the incident ion mass and energy, the 
details of the layer structure, the displacement energy of lattice atom to 
its site and the binding energy E^. Ihe program is explained in detail 
in reference No. [26]. If and E^ are the atomic number and energy of the 
incident ion, Z 2 is the atomic number of the target atcan and E 2 is the 
energy of the target atom acquired after a collision event with the 
incident ion the following can be the consequences under different 


conditions : 






1. E^>E^ , E^y : A vacancy results 

2. , E 2 < E^ ; E 2 is released in the form of phonons 

3. Ej^<E^ , E 2 > E^ : Original atom remains at the site. The 

event is then called as "Replacement 
collision 

4. Z 2 : Zj beccanes an antisite lattice atom 

5. Z^ = Z 2 : Z 2 merely replaces in the cascade and 

Ej IS released in the form of phonons. 

6. Ej<E^, E 2 <E^ : becomes auti interstitial and E^+E 2 is 

released in the form of phonons. 


The TRIM calculations were performed for the samples of type I 
configuration for the Ge film thickness of 1550 %. and 1100 X. on silicon 
substrate of 1 pm thickness. The thickness of the substrate was chosen such 
that the incident kr^ion is completed stopped in the in the defined layers. 
The calculationswere performed for 2000 events ( incident ions) for 1550 %. 
Ge film while for 200 events for the 1100 %. Ge film on the silicon 
substrate . 

The results of the TRIM calculations are shown in figures 3.16 
and fig. 3. 17. The range of Kr 10 ns for the case of 1550 A Ge film on Si is 
about 5200 A while for the thinner film of 1100 A on Si it is 5600 A. The 
straggling values are 1750 and 1535 A respectively. As mentioned in section 
3.2.1 above it is not possible to determine accurately the depth 
distribution of Kr atoms form the backscattering spectra since the Kr peak 
distribution is very broad and it merges with the backscattering signals 
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coming from the Silicon substrate as well as the top ge film. Nevertheless 

we have attempted to determine the depth vs. concentration profile of the 

Kr signal for the case of thicker Ge film (1550 A) on silicon. To determine 

the profile, the simulated RBS spectrum for the irradiation dose of 
16 2 

6x10 atoms/cm was subtracted from the experimental spectrum fig. 3. 4b. 
Note that the layer structure used for simulated spectrum did not contain 
Kr distribution in it (since it is not possile to incorporate a single 
distribution in a multilayer structure in the present RUMP package). 
Therefore the signals in subtracted spectrum are considered to arise from 
the Kr atoms distributed in the Ge-Si layered matrix (it may be noted here 
that some abrupt changes occuring in the signal height , i.e. counts, have 
to be Ignored) . This subtracted spectrum is then converted in the depth 
vs. concentration distribution of Krypton atoms which is shown in fig. 3. 18. 

Thus the experimentally calculated range and straggling of the Kr profile 
are 6300 A and 3610 A. The experimental value of the range is quite close 
to the one obtained by TRIM (theoretical calculations ). On the contrary 
there is a large discrepancy between the experimental and theoretical value 
of the straggling. The experimental value of 3610 A is two times larger 
than the the value obtained from the theoretical calculations (1800 A). The 
comparision indicates that the peak of the distribution occurs at the 
expected position but the distribution is much broader. The broadening in 
the Kr distribution is expected to occur due to the migration of Kr atc«is 
in the large mobile defect environment produced during the irradiation 
process [28]. The average displacements of the target atcans per incident ion 
is similar for both the Ge films (fig. 3.17). 
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The growth of the mixed layer Si„ ^Ge„ ^across the interface as a 

function of dose is plotted in fig. 3. 19 for the two cases of low and high 

resistivity silicon substrates. The initial grwoth in the thickness of the 

mixed layer increases linearly with dose. There has been no detailed 

studies on dose dependence of growth of mixed layers in Si-Ge systems. 

Although a linear dependence in the width of a thin ( 5 A) Ge marker layer 

fembedded in single crystal silicon has been reported to occur under Xe ion 

irradiation. [19]. Note that the growth of the mixed Si-Ge layer is similar 

for both the samples. Note that the TRIM calculations give similar target 

displacement per incident ion for both the films since the thickenesses of 

the two films are not very different. Also it is known that the shallow 

dopants do not affect the ion mixing rate of Si-Ge structures [18]. In fact 

it IS also known that ion mixing rates of Ge in Si are independent in the 

presence of metallic impurities such as W, Au etc. [18]. However thermal 

inter diffusion rates in amorphous Si-Ge structures are known to be 

enhanced in the presence of shallow dopants and metallic impurities. Thus 

1. 6 2 

the intial part C up to the fluence of 1x10 atoms/cm ) of the dose 

dependence of the growth of the mixed layer indicates that the ion beam 

mixing mechanism is quite different from that of thermal diffusion. 

16 2 

At higher dose of 5x10 atoms/cm the rate of growth of the 

mixed layer is seen to have retarded considerably. Such retardation in the 

growth is seen for the first time and is quite surprising. The reasons of 

such retardation and the underlying mechanisms of inhibition of growth at 

larger fluences need to be investigated in detail. 

For the samples of type II configuration ( Si and Ge bi layers on 

16 2 

SiO^) the mixing is seen only for doses higher than 1 X 10 atoms/cm . 
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This IS probably due to the presence of relatively thick oxide layer at the 
interface of silicon and germajiium films. The presence of oxide layer is 
borne out clearly from the simulations presented in fig. 3.9. 

For the configuration III ( flash evaporated Si+Ge on Silicon 
substrates) since the elements are finely dispersed as particles of 
sizes less than a micron in the layer such analyses of grwoth rate of the 
mixed layer cannot be carried out. The basis of the backscattering analysis 
IS that the sample is laterally homogeneous over the entire region on which 
the ion beam is incident (generally 1 sq. mm). As discussed in section the 
RBS spectrum for these samples in the as deposited condition could not be 
simulated satisfactorily. (^ the other hand after irradiation the 
simulation results in much better theoretical fit to the experimental RBS 
profile. This indicates that the mixing is occunng in the lateral 
direction between different particles leading to a greater degree of 
homogenization in the lateral direction. 



CWAPTER-4 


SUMMARY AND CONaUSIONS 


The present study has been undertaken to evaluate the efficsacy of 
the Ion Mixing process to synthesize Si-Ge alloys. Three different sample 
configurations are utilized- 

I : Ge films evaporated on crystalline silicon of different resistivity. 

II : Bi layers of Si and Ge on fused quartz 

III : Flash evaporated films of Si+Ge on crystalline silicon. 

Ion mixing has been carried out using 1 MeV Kr ions. The ion 
fluenoe is varried from 1 x 10^® to 6 x 10^^ atom/cm^ . The mixing has been 
monitored using the Rutherford Backseat ter ing Technique using 1.6 MeV He* 
ion beam. The films have been characterized using sheet resistance, SEM and 
EDAX measurements. The theoretical estimates of Kr ion range and its 
distribution has been determined using TRIM program and are comiiared with 
the experimental results. 

The salient conclusions of the present study are : 

1. Definite evidence of mixing between silicon and germanium atoms has been 


observed at the interface 
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2.. The mixed region is observed to have composition of Si e-Ge with 
typical widths varying from 200 to 500 S. The width of the mixed region 
across the interface for the type I sample with single Ge layer on 
crystalline silicon substrate shows roughly linear dependence on the 
irradiated dose up to 1 x 10 atoms/cm . The growth rate at higher 
fluences is seen to be considerably retarded. No significant difference of 
the dose dependence of growth rate is observed on low and high resistivity 
silicon suubstrates. This is a pointer to the abscence of the role of the 
shallow dopants in the mechanism of the Ion Beam Mixing. 

3. The simulation of the experimental backscateering spectrum of the flash 
evaporated sample in as deposited condition does not yield a good fit to 
the data points. This is indicative of abscence of lateral homogeniety in 
the films prepared by flash evaporation. The lateral homogenity seems to 
improve after irradiation. 

4. In the case of the Si and Ge bi layers on Si02 substratesthe simulation 
gives an oxide layer at the interface of Si and ge films which is 
responsible for the hinderence of the mixing process. 

5. The theoretically calculated (TRIM) ranges of the Kr ions agree well 
with experimentally determined values. The experimental values of the 
straggling in the Kr distribution is almost double than the calculated 


ones . 
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6. A low temperature heat treatment (550°C for 15 min in flowing dry 

nitrogen) is enough to improve the conductivity by two orders of magnitude 

indicating removal of most of the ion induced dainages. For samples of type 

I configuration ( Ge films on silicon)the resistivity of the film shows 

16 2 

abrupt decrease at fluences higher than 1x10 atoms/cm even before 
thermal annealing. This effect shows that ion irradiation plays a role in 
activating the shallow dopants in this disordered material. 



APPENDIX - A 


THE ION BEAU FACILITY 


Figure A1 shows the layout of this laboratory. The accelerator is 
situated in the machine room. The ion beam surface modifications and 
characterizations are done in the beam hall which also accomodates the 
switching magnet and its 200 A power supply. The accelerator and the 
switching magnet are controlled from the control room. 


Al. THE VAN DE GRAAFF ACCELERATOR 

Al.l High voltage general ion; - 

The Van de Graaff accelerator .manufactured by high Voltage 
Engineering Corporation, is a belt type electrostatic generator, is used to 
develop accelerating voltages up to 2 MV, Basically the operation of the 
generator is very simple. If one deposites charge on the inside surface of 
a closed conducting shell the charge accumulates on the outside surface. 
Basic electromagnetic laws prevent the charges from residing anywhere 
inside. Inside the accelerator there exists such a shell which serves as 
the high voltage terminal. An insulating belt moves through this shell. 
Electrons are constantly removed from the belt on the side away from the 
high voltage terminal by applying a positive potential. This leaves a 
positive charge on the side of the belt moving towards the high voltage 
terminal . The positive charge on arriving on the inside of the high voltage 



37 


shell accumulates on its outer surface. Consequently the potential of the 
high voltage dome/shell rises. If not properly insulated the dome will lose 
its charge to the surroundings by sparking. To prevent this the whole 
assembly is enclosed in a pressure vessel containing an insulating 
Nitrogen plus CO 2 gas at about 360 psi pressure 

Along the length of the accelerator a uniform potential gradient 
IS achieved between the high voltage terminal and ground by a series 
combination of high value resistors called column resistors. Each column 
resistor is of approximately 1500 M 0 resistance. 

The charge on the high voltage dome is simultaneously and 
continuously removed by the Corona points shown in Figure A1 and by the 
series combimation of column resistors. The dcane volta.ge remains fixed when 
the rate of depxisition of charge by the belt equals that of removal by the 
Corona points and the column resistors. A generating voltmeter attached on 
the side of the accelerator pressure vessel measures the dome voltage. 

A1.2 Generation of Chaged Particle:- 
Accelaration of charged particle 

The path followed by the charge particle beams is evacuated to 
about 5x10 Torr. The acceleration of these charged particles occurs in 
the accelerator tube shown in the Figure Al. The tube is made up of a 
series of alternately placed electrodes and insulating glass vertibrae. The 
connections are made such that one column resistor connects two electrodes 
of the accelerator tube. Thus there exists an uniform potential gradient 
inside the tube and the necessary evacuated path. The 10 ns of the required 
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beam are leaked into the accelerating tube from the high voltage side. 
Under the potential the charged particles accelerate. The beam so generated 
IS then focused and stabilized. 

ION SOUECE . FOCUSING AND BEAM CUBRENT CONTROL 


The desired ion beam atoms are kept in the form of high pressure 
gas in gas bottles contained inside the high voltage terminal. A controlled 
amount of the gas is leaked into an ion source by a mechanism called a 
thermomechanical leak. In the ion source these gas atoms get ionised on 
application of a R.F. frequency voltage. The ions are repelled out of the 
ion source under the influence of a positive potential applied to an 
electrode inside the ion source. This positive potential is used to get the 
desired beam current. A focusing electrode is mounted just outside the ion 
sourqe. The voltage applied to this electrode results in proper focusing of 
the ion beam. 

The ion source focusing and beam current control systems cannot 
be powered from outside since they are placed inside the high voltage dome. 
They have to be run on power generated inside the high voltage dome. For 
the purpose of this power generation two 150 watt alternators are used. 
These alternators are mounted inside the pulley which supports the charging 
belt inside the high voltage terminal. The alternators use the belt 
rotation to generate the necessary power for driving the assembly inside 


the high voltage shell. 
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A2. THE SWITCHING MAGNET 


The ion beam on emerging from the accelerator is steered into 
its appropriate ports with the help of a switching magnet. The magnet is 
shown in Figure A1 . Currents of about 100 to 200 amperes are supplied to 
the magnet by the 200 ampere power supply shown in Figure Al. During 
operation the magnet is cooled by circulation of chilled deionised water 


through it. 



APPENDIX - B 


RUTHERFORD BACKSCATTERING SPECTROMETRY ( RBS ) 


The RBS technique (fig BO is widely employed for surface 
analysis of materials especially for thin film study. It is extensively 
used in the semiconductor industry for the studyof thin film and ion 
implantation problems. The next few paragraphs constitute a modest attmpt 
towards describing this important research tool. 

B.l. BASIC PHYSICAL CONCEPTS 

In a backscattering experiment energetic light ions, such as 1 
MeV to 3 MeV protonsC^H"^ ) or alpha particles(^He* ) , are impinged on the- 
sample surface (Fig.B2). Some of these incident '’He'^ particles backscatter 
due to collisions with target atoms. The energy of the emergent He ions 
depends on the mass of the target atom it has backscattered from and at 
what depth the collision event has occured. This is due to the difference 
in recoil energies of projectiles colliding with target atoms with 

differing masses and due to the energy loss process during its passage 
through the target material. The total number of backscattered alphas 
detected in a given energy range is dependent on the total number of 
scatterers (target atoms including impurity atoms) and the likelyhood of 
occurence of such a scattering event (which results in a He being 
scattered into the detector). Further, statistical fluctuations (energy 
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straggling) are inherently present in the energy of the alpha particles 
emanating from the sample surface. 

The energy of the projectile after the collision can be related 
to its incident energy by means of a Kinetic FactoriK) . The probability of 
the scattering depends on the Scattering cross section. As the projectile 
pass through the scattering medium it suffers an average energy loss dE/dx 
and this leads to the concept of the Stopping cross-section. Finally, since 
there statistical fluctuations in the energy loss of a projectile as it 
penetrates a solid, particles entering a solid with a given energy will not 
have identical energies after travelling the same distance, this phenomenon 
is called Energy Straggling. 

The above four basic physical concepts form the basis of RBS. The 
kinematic factor K leads to the ability for mass analysis.The scatenng 
cross-section provides RBS with a quantitative capability. The stopping 
cross-section results in the capability for depth analysisand energy 
straggling sets limits on mass and depth resolusion.The details of these 
four factors are given below. 

I) THE KINEMATIC FACTOR ( K ) : 

The concept of the kinematic factor is intimately linked with the 
mass resolution capability of RBS. It is a measure of the recoil energy of 
the projectile of mass in a collision with an isolated target nucleus of 
mass M2 and is defined as: 



K 


(Bl) 
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where and are respectively the incident and recoil energies of 
the projectile in an isolated two body collision with the target atom. 

The energy and momentum conservation laws for this two body 
collison event yield the following expression for the kinematic factor. 


✓ 

1 - X^ Sin^6 ' 

1/2 '1 
+ X Cos 6 

2 

. (B2) 


1 + 

X 



where X = ^ scattering angle. Frcan equation (Bl) one 

gets the following equation 


AEi = E, 


dK 


dM^J 


AM^ 


(B3) 


where AE^ is the difference in the recoil energy between two 
projectiles backscattered from target atoms with their masses separated by 
. 

For a fixed projectile (fixed a change AM^ results in the 
largest change in AE^ for scattering angles close to 180 . For 6=0—5 
( 5 being small ) Equation (B3) reduces to 


AEi= Eq. 


(1 - X) 


(1 




4(1 + X 


5^(1 


X2) 




•4M2 


(B4) 
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Therefore in order to obtain good mass resolution (i.e. to obtain 
maximum for a particular must use a larger incident energy 

( provided is larger than the binding energy of the atoms to the target 
and lower than the limit beyond which nuclear reactions get activated), 
select to be as close to as 
make the scattering angle as close to 180° as possible, toe further 
observes that mass resolution of RBS is intrinsically better for lighter 
target atoms (small M 2 ). 

II) THE SCATTERING CROSS SECTION i^) 

The differential scattering cross section denoted by dO'/dO is 
defined as: 


possible provided Mj< 


M 2 (Figure (B3i; 


' da 

1 

1 

dQl 


N.t 

Q 

. dQ . 


(B5) 


Where N.t is the total areal density (number of atoms per unit 
area) seen by the incident ‘^He’^ beam, N is the total number of target atoms 
per unit volume, Q is the total number of projectiles incident on the 
target during RBS analysis and dO is the solid angle subtended by the 

detector at the analysis spot on the target. 

The quantity dQ/Q is the probability of occurence of a collision 
between the projectile and the target atom resulting in the scattering of 
the projectile into the detector solid angle dQ situated at the scattering 
angle B. The expression given in the next page for the differential 
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scattering cross section is called Rutherford’s formula. 

( [ 1 - Sin^e Cos e 

, dQ J t 4 E Sin'^ e [ 1 - Sin^0 ] 

(B6) 

The validity of this expression lies in the domain where the 

distance of closest approach of the projectile and the target nucleus is 

large compared with the nuclear dimensions but small compared with the Bohr 

radius a = 0.53 A° . 
o 

If one considers a detector of finite solid angle 0 then the 
probability of a successful scattering event is described by the integral 
scattering cross section defined by 



(B7) 


The typical values of the detector solid angles are normally of the 
order of a few millisteradians. The average differential scattering cross 
section is defined as: 



(B8) 


and for snail detector solid angles which one encounters in most RBS 
set-ups, a dCT/dO. Thus for our purpose dd/dQ and o are interchangeable. 
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Thus for the situation with small ft equation (B5) reduces to 

A = o-ft-Q'Nt (B9) 

The scattering cross section is proportional to , inversely 
projxjrtional to the square of the projectile energy and roughly inversely 
proportional to the fourth power of Sin (6/2). The optimmum parameters must 
be chosen accordingly. 

It should be noted that many of the conditions for maximization 
of respectively the kinematic factor and the scattering cross section 
compete with each other and therefore some compromise has to be made in 
choosing these parameters. 

Ill) THE STOPPING CROSS SECTION 

The stopping cross section e is defined as 


G = 




(BIO) 


Where N being the number of target atoms per unit volume and dE/dx is 
the rate at which energy is lost by the projectile as it moves through the 
target material, e can be fatorised as 


6 = € +6 
n e 


(BID 



The term is due to the energy loss due to collisions with the 
nuclei of target atoms while is the contribution due to the more 
continuous energy loss of the projectile to the electrons in the target. 

For the cases in which atoms in the target exists in the form of 
molecules of the type (i.e. consisting of m atoms of element A and n 
atoms of element B), the molecular stopping cross sections can be expressed 
as: 

= ( m + n e® ) (B12) 

A B 

€ and € are the stopping cross sections for the elemental targets of 
A and B atoms respectively. This relation is called the "principle of 
additivity of stopping cross sections" or "Bragg’s Rule.” 

IV) ENERGY STRAGGLING 

The projectiles moving through matter lose energy due to 
ineractions with the individual nuclei as well as with the electron clouds. 
The energy loss through collisions with the nuclei are violent and 
discrete. There are statistical fluctuations associated with such a 
process. Therefore particles incident on a thin slice of thickness AX of 
the target material will emerge out, on passing through AX, with differing 
energies. These statistical fluctuations in the energy of the backscattered 
particles is referred to as energy straggling. Straggling leads to an 
impairment of mass and depth resolution of RBS. 




arrangements for annealing the sample 
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AMPLIFIER 

FIG 2.6 The Rutherford Backscatter i ng Spectrometry chamber. 
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